Background: There remains a lack of evidence regarding the optimal method when reconstructing the medial patellofemoral ligament (MPFL) and whether some graft constructs can be more forgiving to surgical errors, such as overtensioning or tunnel malpositioning, than others.
The role of the medial patellofemoral ligament (MPFL) in patellar stability during early knee flexion has been confirmed with both biomechanical and clinical studies. 21, 34 Its importance is reflected in the popularity of MPFL reconstruction, a procedure with good functional outcomes at short-term and midterm follow-up and low redislocation rates. 10, 13, 29, 33 However, case reports describing adverse effects of recurrent dislocations, pain, and poor function 5, 38 resulting from nonanatomic femoral tunnel positioning 1, 5, 11, 40 and graft overtensioning 11, 40 have been published. Both surgical factors have been found to adversely affect patellar kinematics and joint contact pressures. 37 A variety of graft types have been described for use during MPFL reconstruction, and at present, no studies have examined whether graft selection can affect the restoration of normal mechanics or minimize or increase the effects of variation in the surgical technique.
A range of tendon grafts have been used for MPFL reconstruction: gracilis, 6,32 semitendinosus, 33, 43 semitendinosus and gracilis combined, 5 quadriceps, 16, 17, 19, 24 patellar tendon, 4, 36 and also tensor fasciae latae allograft 44 and synthetic ligament. 12, 28 There is a lack of evidence to establish any differences between graft types. The ideal graft should have structural properties similar to those of the native ligament. 30 The MPFL has a failure strength of 208 N and stiffness of 8 N/mm. 1, 26 The gracilis (mean ultimate load and mean stiffness: 1550 N and 336 N/mm, respectively 22 ), quadriceps (1075 N and 326 N/mm, respectively 23 ), and tensor fasciae latae (769 N and 614 N/mm, respectively 30 ) grafts provide the closest properties to replicate MPFL properties. Thus, these were selected to be investigated in the current study.
The quadriceps during reconstruction is left attached at the patella, which is important because patellar fixation is known to be more vulnerable to failure than the graft. 26 It is unclear whether rotation of the quadriceps tendon graft to lie over the proximal patella induces any excessive medial patellar tilt; however, clinical outcomes are similar to those of other reconstruction techniques. 19 The gracilis tendon enables direct fixation to the anatomic attachments on the patella and femur, with positive clinical outcomes again reported using this method. 6, 32 To reconstruct the fan shape of the MPFL, 25 a double-strand gracilis graft has more commonly been used; this has the disadvantage of increasing graft stiffness. 21 However, clinical follow-up found superior results in patients who had undergone double-bundle gracilis MPFL reconstruction compared with reconstruction with single-bundle grafts. 41 Finally, the tensor fasciae latae allograft does not require a graft harvest site, is anatomically accurate, and closely reflects the mean structural properties of the native MPFL. However, it is fascial, possessing greater material stiffness, which could affect patellar kinematics or contact mechanics particularly if combined with graft overtensioning or tunnel malpositioning.
Reconstruction of the MPFL is becoming an established surgical procedure, but there remains a lack of scientific evidence to advocate the use of one technique over another. There were 2 main aims of the present study:
1. To determine if there was a significant difference between gracilis, quadriceps, and tensor fasciae latae reconstructions in terms of restoring intact knee mechanics when reconstructing a sectioned MPFL. 2. To determine whether there were any significant differences in the effect of malpositioned femoral tunnels and overtensioned grafts between the reconstruction types and thus whether any constructs were more ''forgiving'' than others in the case of variation in the surgical technique.
The null hypothesis was that there would not be a significant difference between reconstruction methods, such as graft type and fixation, in adverse biomechanical effects, such as patellar maltracking or elevated articular contact pressures, resulting from surgical errors such as tunnel malpositioning or graft overtensioning.
METHODS

Preparation
Nine fresh-frozen, left-sided cadaveric knees (mean age, 59 years; range, 23-77 years; 4 male, 5 female) with no history of knee surgery or disease were obtained from a tissue bank after approval from the local research ethics committee. Specimens consisted of 250 mm of the femur and tibia, were stored in a freezer at 220°C before use, and thawed on the day of experimentation. The sulcus angle 31 (range, 130°-142°) and patellar height 20 (modified Insall-Salvati ratio range, 0.9-1.2) were confirmed to be within normal limits for all knees. Preparation took place on a single day, the knees were then stored in a refrigerator overnight at 3°C, and data gathering took place the following day. Skin and subcutaneous fat were dissected away from each knee, with care taken to preserve the medial and lateral retinacula. The center of the femoral attachment of the MPFL was identified and marked with a 1-mm metal pin. This was at the midpoint between the medial epicondyle and the adductor tubercle. 2, 38 The fibular head was fixed to the tibia with 2 transverse screws, to minimize joint excursion, and the shaft cut away. The tibia was cut to 150 mm in length and the femur to 200 mm in length, and an intramedullary rod was cemented into each. To enable the differentiation of medial and lateral patellar facets, a 2-mm anterior-posterior hole was drilled through each patella. This was positioned at the lower third and midthird borders and at the ridge between the medial and lateral facets.
The iliotibial band was separated proximally and the quadriceps dissected into 5 components: rectus femoris plus vastus intermedius, vastus lateralis longus, vastus lateralis obliquus, vastus medialis longus, and vastus medialis obliquus. The knee was mounted in the test rig using the femoral intramedullary rod, with the anterior border facing upward and the rotation of the femur adjusted so that the most posterior parts of the femoral condyles were aligned in the horizontal plane ( Figure 1 ). k The tibia was held at specific angles of knee extension by mounting a transverse rod across the anterior aspect of the tibial intramedullary rod; this did not inhibit secondary movements. Using hanging weights, the quadriceps and iliotibial band were loaded to 175 N and 30 N of tension, respectively, and these were applied in accordance with the directions and cross-sectional areas of the muscles. 6, 7 Contact Pressure Measurement Patellofemoral joint (PFJ) contact pressures were measured through the range of knee flexion using an I-Scan 5051 pressure sensor (Tekscan). The 59.9 3 59.9-mm sensor had a saturation pressure of 3.48 MPa, was 0.1 mm thick, and had 1936 pressure measurement points. After equilibration and calibration, it was inserted through a superior incision in the patellofemoral pouch beneath the quadriceps and anterior to the trochlea. Once positioned to cover the patellar and trochlear surfaces, it was secured into place with sutures into the local soft tissue at either of the distal corners to prevent it from moving in the joint cavity during knee extension. 37 The sutures were positioned distal to the medial and lateral retinacula.
Optical Tracking
Active optical trackers (Traxtal Technologies) were mounted on the patella, femur, and tibia by custom-made blocks screwed securely to the bones, preventing any motion between the block and bone or the block and tracker, and a Polaris optical tracking system (Northern Digital Inc) was used to measure patellar kinematics.
The Polaris system has a known overall root mean square distance error of 0.35 mm for a single marker. 38 A probe (Traxtal Technologies) was used to digitize sets of metal fiducial markers attached to the patella, femur, and tibia to build a local coordinate system of each bone. 35 Testing Procedure Ten ''conditioning'' cycles of knee flexion-extension were performed from 0°to 90°; this ensured the correct operation of all equipment and minimized any hysteresis.
Kinematic and pressure measurements were taken on the intact knee and repeated after the MPFL was transected. Three MPFL reconstructions were then performed by a single orthopaedic surgeon who had no preference or greater experience with any of the procedures and who had been taught each procedure by the advocating surgeon of each technique. The grafts were tested in alternating order (Table 1) so that each graft was tested first, second, and third the same number of times (n = 3) to avoid any order effect.
Surgical Reconstruction
Gracilis Tendon. At least 200 mm of the useable gracilis tendon was harvested from each knee. The tendon was debrided of muscle tissue, both ends whipstitched for 30 mm with monofilament suture (Ethilon 2/0; Ethicon Co), and stored in a moist swab.
A 20-mm incision was used to expose the proximal twothirds of the medial margin of the patella. The second and third layers of the medial retinaculum were separated from the patella to the femoral MPFL attachment points using thin curved scissors, with the capsule left intact. Two 2.9-mm titanium anchors (Helix Transtend; DePuy Mitek), each loaded with 4 high-strength No. 2 composite sutures (Orthocord; DePuy Mitek) were inserted into the patellar cancellous bone in the superomedial corner of the patella and in the midpoint of the medial border, directed perpendicularly to the long axis of the patella (see Appendix Figure A1 , available online at http://ajsm.sagepub.com/supplemental). Two of these loops were used to tie the graft to the medial patellar border. (In the clinic, this method uses 2 connecting drill holes in the patella for graft fixation in the same 2 positions, but this was not done in the experiment to allow the use of the other reconstructions.)
Three femoral tunnels were drilled: one at the position of the previously marked anatomic center of the MPFL attachment, and 2 further tunnels 10 mm proximal and distal to this (see Appendix Figure A2 , available online). This was performed using a 2.4-mm guide wire from medial to lateral and enlarged using a 6-mm reamer to a depth of 30 mm. A curved Kelly clamp was inserted from the epicondyle incision between the second and third medial retinacular layers, directed to the patella along the MPFL route. Suture loops were used to pull the whipstitched ends of the graft between the retinacula and into the femoral tunnel and the sutures pulled out laterally at the femur. Once passed mediolaterally, the sutures were led over a pulley, where a hook was attached to the ends, enabling a graft tension of 2 N or 10 N to be applied; they were then clamped at the tunnel entrance. Tensor Fasciae Latae Allograft. A fresh-frozen, trapezoidal-shaped tensor fasciae latae allograft (40 mm longer than the measured patellofemoral insertion distance) was prepared for each knee specimen tested as previously described. 44 The thinner base of the graft was folded to provide a 30-mm tubularized graft and sutured with 1 No. 2 nonabsorbable suture (Ticron; Medline Inc) using Krackow stitches to obtain a graft-pulling suture. Two No. 0 absorbable sutures (Vicryl; Ethicon Inc) were placed at the corners of the longer base of the graft to ease handling (see Appendix Figure A3 , available online).
The graft was fixed to the patella with a high-strength No. 2 composite suture (Orthocord) fixed via two 2.9-mm titanium anchors (Helix Transtend), which were positioned as described. The flat free end of the graft was positioned along the medial border of the patella (5 mm distal to its top edge) and a free needle used to tightly stitch the graft to the patella using the sutures from the anchors. The sutures from the 2 anchors were then crossed above the graft and tied together. The proximal 5-mm flap was pulled down and sutured onto the body of the graft with No. 0 absorbable stitches (Vicryl) to cover the patellar fixation.
A suture loop was used to pull the previously sutured free graft end between the retinacula and into a femoral tunnel. The sutures were pulled out laterally at the femur and again led over a pulley and clamped at the tunnel entrance as described above.
Quadriceps Tendon. A 30-mm transverse skin incision was made over the superomedial pole of the patella. A double knife (Karl Storz) with a width of 10 mm was then introduced, starting at the middle of the superior patellar border, and pushed up to 100 mm proximally. 17, 24 It was then withdrawn and a 3-mm tendon separator (Karl Storz) pushed proximal to the same length, and the tendon strip was cut subcutaneously by a special tendon cutter (Karl Storz). Over the patellar surface, the cuts were continued distally by about 20 mm with a surgical knife. The quadriceps tendon strip was then elevated from the surface of the patella (see Appendix Figure A4 , available online). The distal graft end was left attached, while the free proximal end was whipstitched with resorbable sutures.
The proximal third of the medial patellar border was exposed and the prepatellar tissue at the medial patella elevated, creating a tunnel that reached the medial edge of the graft. The graft was then passed through the tunnel by the use of a suture loop. The graft was secured to the retinacular tissue on the medial patellar edge using No. 2-0 sutures (Vicryl) and the graft and leading suture passed between the layers of the medial retinaculum and into a femoral tunnel. The sutures were pulled out laterally at the femur and again led over a pulley and clamped at the tunnel entrance at a known tension.
Experimental Protocol
Measurements were taken with the knee intact, with the MPFL transected, and then with 6 different reconstructed conditions for each of the 3 different reconstructions. Graft tensions of 2 N and 10 N were applied with fixation of the graft undertaken at 60°of knee flexion 38 using a secure clamp at the lateral aspect of the femur and 3 tunnel positions investigated: anatomic, 10 mm proximal, and 10 mm distal. Ligament length change patterns have suggested that proximal-distal femoral tunnel malpositioning has a greater effect than anterior-posterior malpositioning, 37 and therefore, proximal-distal malpositioning was examined. Ideally, all directions of malpositioning would have been investigated; however, because of soft tissue degradation during testing, it was not possible to perform all tests. This was also why tunnel malpositioning was only tested with 10 N of graft tension: to represent the worst-case scenario. Patellofemoral contact pressures and kinematics were measured for each condition at 0°, 10°, 20°, 30°, 60°, and 90°of knee flexion. Ten conditioning cycles of the knee were performed each time a new graft was put in place.
Statistical Analysis
The coordinate system of each bone was set up so that lateral patellar tilt and translation were taken to be positive. Mean and peak contact pressures and patellar motions were calculated using custom-written Matlab scripts (MathWorks Inc). A power calculation based on a 1.1 6 0.3-mm mean significant change in lateral patellar translation and a 0.2 6 0.3-MPa mean significant change in lateral PFJ contact pressure in a prior study, 37 using the same measurement systems, determined a sample size of 8 as necessary to detect these significant changes with 80% power and 95% confidence. Nine specimens were tested to avoid any order effect associated with the reconstruction types.
Data were analyzed with SPSS (version 22; IBM Corp). A Shapiro-Wilk test confirmed that the data sets were normally distributed. The primary factors were graft type (gracilis, quadriceps, tensor fasciae latae), tunnel position (anatomic, proximal, distal), flexion angle (0°, 10°, 20°, 30°, 60°, 90°), and graft tension (2 N, 10 N). The dependent variables were lateral patellar tilt and translation and mean and peak medial and lateral articular contact pressures. Repeated-measures analyses of variance were performed comparing the effects of the primary factors on the dependent variables across the arc of knee flexion as follows:
1. Two analyses were performed: one to compare the intact knee with the transected MPFL across the flexion range, and a second to compare the intact knee with the 3 graft types when using the previously determined optimal technique (an anatomic tunnel and 2 N of tension). 37 2. Three further analyses were performed to investigate the effects of variation in the surgical technique:
a. Comparing the intact knee with gracilis, quadriceps, and tensor fasciae latae reconstructions using the anatomic tunnel and 10 N of graft tension across the flexion range. b. Comparing the intact knee with gracilis, quadriceps, and tensor fasciae latae reconstructions in the 10mm proximal tunnel position using 10 N of graft tension across the flexion range. c. Comparing the intact knee with gracilis, quadriceps, and tensor fasciae latae reconstructions in the 10mm distal tunnel position using 10 N of graft tension across the flexion range.
Post hoc paired t tests with Bonferroni correction for multiple comparisons were applied when differences across test conditions were found, with P \ .050 taken to be significant for a single comparison.
RESULTS
MPFL Transection
Cutting the MPFL led to a significant increase in lateral patellar translation (P \ .001), lateral patellar tilt (P \ .001) ( Figure 2 ), and mean lateral joint contact pressure (P \ .001), with a corresponding reduction in mean (P \ .001) and peak (P = .002) medial joint contact pressures. No significant effect was identified in peak lateral joint contact pressure (P = .056).
Effect of Graft Type
No significant difference was identified between the intact knee and any of the reconstructions performed with each of the 3 graft types, when the anatomic femoral tunnel and 2 N of graft tension were used, for any of the variables considered: lateral patellar tilt (P = .555) ( Figure 2 ), lateral patellar translation (P = .157), peak (P = .911) and mean (P = .883) medial joint contact pressures, or peak (P = .173) and mean (P = .206) lateral joint contact pressures.
Effect of Surgical Variations
Increased Graft Tension. When 10 N of tension was applied to the graft, significant differences were found between the intact knee and all 3 of the reconstructions for patellar tilt (P = .009) and translation (P = .011). The increased medial patellar motion as a result of the increased graft tension was most evident in early knee flexion (tilt: P = .038; translation: P = .021), with the effects consistent across all the graft types. No significant differences were identified on post hoc testing in patellar kinematics between the intact knee and the 3 graft types at individual flexion angles (all: P . .050).
A significant effect was also identified in mean medial (P \ .001) and lateral (P = .001) and peak medial (P = .002) PFJ contact pressures. However, no significant effects were identified in peak lateral joint contact pressures (P = .591). There was a trend with all grafts for the mean medial joint contact pressure to rise and the lateral joint contact pressure to reduce when 10 N of graft tension was applied. Post hoc testing found mean medial contact pressure changes to be most prevalent with gracilis and quadriceps reconstructions in early knee flexion ( Figure  3 ). No differences were identified with post hoc testing between the reconstructions examined and the intact state at individual flexion angles for either the peak medial or mean lateral contact pressure (all: P . .050).
Proximal Tunnel Malpositioning and Graft Overtensioning. Proximal femoral tunnel positions with a graft tension of 10 N had a significant effect on mean lateral (P \ .001) ( Figure 4 ) and medial (P \ .001) ( Figure 5 Figure 3 . Mean medial patellofemoral joint contact pressures in the intact knee and after reconstruction with graft fixation at 60°, 10 N of graft tension, and the anatomic tunnel position using gracilis, tensor fasciae latae, and quadriceps grafts. Error bars represent 6SD. *P \ .050.
contact pressures and translation (P = .001) ( Figure 6 ) when compared with the intact knee. No significant effect was found in patellar tilt (P = .182) and peak lateral (P = .697) or medial (P = .387) joint contact pressures as a result of proximal tunnel positioning. The effect of proximal tunnel malpositioning was found to vary with the flexion angle for all significant variables examined (P \ .001), with the proximal tunnel resulting in increased medial translation and contact pressure and reduced lateral contact pressure in deeper knee flexion. Post hoc testing found that tensor fasciae latae reconstruction tended to be the least forgiving in deeper flexion (Figures 4-6) .
Distal Tunnel Malpositioning and Graft Overtensioning. At 0°of knee flexion, reconstruction using a distal tunnel position and 10 N of graft tension caused the patella to have a mean increase in medial patellar tilt to 25.1°( quadriceps graft), 23.8°(gracilis graft), and 24.1°(tensor fasciae latae graft) (Figure 7) . A significant effect of distal tunnel positioning was identified in patellar tilt (P = .001), patellar translation (P = .028), and mean (P \ .001) and peak (P = .001) medial joint contact pressures and mean lateral joint contact pressures (P = .002). However, peak lateral joint contact pressures (P = .197) were not found to be significantly different. Again, flexion angle had a significant effect on all variables, with the distal tunnel resulting in increased medial joint contact pressures closer to full knee extension (all: P \ .002).
Post hoc testing identified significant increases in mean medial joint contact pressures from 10°to 30° (Figure 8 ). The medial patellar tilt significantly increased at 0°and 10°o f flexion with quadriceps reconstruction (Figure 7) . Peak medial joint contact pressures significantly increased with quadriceps reconstruction from 10°to 30°of flexion and with gracilis and tensor fasciae latae grafts at 30°of flexion.
DISCUSSION
This study found that after MPFL reconstruction performed using an anatomic femoral tunnel and 2 N of graft tension, PFJ kinematics and articular contact pressures were restored to the intact state regardless of whether tensor fasciae latae, quadriceps, or gracilis reconstructions were used, supporting the null hypothesis. However, when nonanatomically positioned femoral tunnels were used, or the grafts were tensioned with 10 N, this was not the case for any of the reconstructions tested. Thus, the surgical variables of femoral tunnel placement and graft tension have been shown to be more important than reconstruction type in restoring normal PFJ kinematics and articular cartilage contact stresses during MPFL reconstruction. These findings emphasize the importance of femoral tunnel accuracy and minimal graft tension desirable to restore intact PFJ mechanics during MPFL reconstruction surgery. The present study confirmed prior work showing the now widely accepted adverse effects of MPFL transection, which resulted in increased lateral PFJ contact pressures, reduced medial joint contact pressures, and increased lateral patellar motions during early knee flexion, providing a rationale for MPFL reconstruction. This study also found that quadriceps, tensor fasciae latae, and gracilis reconstructions could all restore joint kinematics and kinetics to the intact state when used in combination with an anatomic femoral tunnel and 2 N of graft tension during MPFL reconstruction. In many respects, this is not surprising, given the evidence to support the role of the MPFL as a guide or ''checkrein'' on the patella, which is close to isometric, meaning that when lightly tensioned during knee flexion and extension, it should not have much effect on the patella. 38 Satisfactory outcomes from these grafts used in clinical populations at short-term/midterm time frames have been reported, 6, 16, 44 with a recent systematic review finding no significant differences in clinical outcomes in the short term among patients who have undergone MPFL reconstruction with different graft constructs. 39 Alternative factors may therefore be more important when determining which reconstruction is most appropriate for use, such as experience, the potential for revision MPFL reconstruction, preferred donor site, activity level, and demands/preference of the patient. 3 The null hypothesis was that the reconstructions would be similarly forgiving to surgical variations, such as overtensioning or femoral tunnel malpositioning, and overall, this was found to be the case. Femoral tunnels positioned proximal or distal to the anatomic attachment caused reduced lateral joint contact pressures, elevated medial joint contact pressures, and increased medial patellar motions during knee flexion and extension, respectively, regardless of graft type. However, some significant differences between the reconstructions were found. Quadriceps reconstruction resulted in the greatest increases in medial patellar tilt and medial joint contact pressure in early knee flexion when used in combination with the distal tunnel and 10 N of graft tension. Tensor fasciae latae reconstruction increased medial joint contact pressure the most when combined with a proximal femoral tunnel during deep flexion, and gracilis reconstruction increased medial joint contact pressure when 10 N of tension was applied. These findings highlight the sensitivity of MPFL reconstruction, again reflecting the low tension and guiding role of the MPFL. Tension in the graft occurs when it is stretched beyond its resting length; thus, the relatively low tensions necessary to reconstruct the MPFL may be one of the reasons for a lack of difference observed between the graft types. Greater differences between techniques and grafts may have been expected in soft tissue reconstructions, where greater graft tensions are required.
The limitations of this study include the use of cadaveric knees with a normal PFJ geometry and a mean specimen age of 59 years. This limits the direct extrapolation of results to a population of patients with patellar dislocations, who may be younger and have an abnormal anatomy such as trochlear dysplasia. 9, 18 Muscle heads were loaded in their physiological directions, although loads were low compared with those in vivo: the setup did not simulate weightbearing activity, which has been suggested to enhance patellar stability, but was akin to knee extension against gravity. Care was taken to load the muscles in physiological directions previously reported from crosssectional area studies, 14 but the tensions were constant and lower than those estimated to occur in vivo. 8, 42 Although the forces in this experiment would likely be exceeded in vivo, the analysis compared one condition to another; therefore, the nature of the changes is unlikely igure 7. Mean lateral patellar tilt (n = 8) from 0°to 90°of knee flexion in the intact knee and after reconstruction with graft fixation at 60°, 10 N of graft tension, and the distal tunnel position using gracilis, tensor fasciae latae, and quadriceps grafts. Error bars represent 6SD. *P \ .050.
to alter, although it is acknowledged that they may be larger in vivo. 27 Prior work has represented instability through increasing the lateral component force 15, 34 ; however, this was not done in the present study because of concerns raised by pilot testing of changes in the soft tissues around the PFJ. The opening of the superior joint capsule for Tekscan insertion, although performed with care to cause minimal soft tissue disruption, may have affected patellofemoral contact pressures. Lastly, only 3 reconstructions were assessed because these were the ones performed by the 3 senior surgeons involved in the study. Further studies should investigate outcomes using alternative grafts and fixation methods.
MPFL reconstruction surgery is now a commonly performed procedure with successful clinical outcomes. 10, 13, 29, 33 The present study found that during MPFL reconstruction using gracilis, quadriceps, and tensor fasciae latae grafts, all restored PFJ contact pressures and kinematics when fixed with an anatomic femoral tunnel and 2 N of graft tension. However, with all reconstructions, femoral tunnels only 10 mm proximal or distal to the anatomic insertion resulted in significant increases in peak medial joint contact pressure and medial patellar tilt during knee flexion or extension, respectively. Likewise, graft overtensioning caused elevated medial joint contact pressures and a tendency for patellar medialization with all reconstructions. Thus, correct femoral tunnel positioning and minimal tension necessary to restore normal PFJ kinematics and articular cartilage contact stresses are emphasized and appear to be more important than the reconstruction technique selected during MPFL reconstruction. These findings highlight the importance of the surgical technique when undertaking this procedure.
